Abstract The time course of the ability of active shortening was compared to that of isometric contractile force during contraction-relaxation cycles of the pedal retractor muscle of Mytilus by measuring the maximal shortening velocity and the rate of force redevelopment after a quick release. The contractile force had its peak at 2 s after stimulus initiation and decayed with a half relaxation time of 8.3 s at 10°C. At 6 s after stimulus initiation, both the maximal velocity of shortening and the rate of force redevelopment had decreased to 30% or less of the initial values, while 70% of peak force was retained. The results suggest a mechanism of economic force maintenance with a reduced rate of crossbridge cycling.
The shortening velocities of muscles are generally proportional to their actomyosin ATPase activities (BARANY, 1967) . The crossbridge theory by HUxLEY (1957) also predicts that the maximal shortening velocity is in direct proportion to the ATPase activity (see WoLEDGE et al., 1985) . In some of the molluscan smooth muscles, it has been reported that force is maintained for a long period after cessation of stimulus, while the shortening velocity or the ability of force redevelopment after a release is much reduced (JEWELL, 1959; TSUCHIYA and TAKEI, 1986) . This observation, together with the direct energetic measurements (NAUSS and DAVIES, 1966) , is taken to show that they maintain force with a reduced crossbridge cycling rate. This mechanism is commonly referred to as "catch" and has been studied extensively (see reviews of JOHNSON, 1962; RUEGG, 1971; TWAROG, 1976) . Recently, it has been reported that similar mechanisms have developed in other types of muscles, although to a lesser extent. Murphy and his colleagues have reported that, in vertebrate arterial smooth muscle, the shortening velocity decreases in an early phase of contraction while the force is retained for a long period (DILLON et al., 1981; DILLON and MURPHY, 1982) . Even in vertebrate skeletal muscle, CROW and KUSHMERICK (1983) have reported that the shortening velocity has decreased to 50% of the initial value at the later stage of a maintained tetanus, and that this decrease is accompanied by the reduction in the ATPase activity. These studies suggest the possibility that the mechanism of economic force maintenance is not confined within limited kinds of molluscan muscles (i.e., adductors and byssal retractors) but has wider distributions.
We tested this possibility using the pedal retractor muscle (PRM) of Mytilus edulis. The PRM is of particular interest because it shows twitch-like phasic contractions in response to electrical pulses, in contrast to the tonic anterior byssal retractor muscle (ABRM) of the same animal (ABBOTT and LOWY, 1958; ISHII and TAKAHASHI, 1981) . IsHII and TAKAHASHI (1981) have postulated that the catch phenomenon is absent from the PRM, for they have found that acetylcholine and serotonin, which play an important role in regulating catch contraction in the ABRM, have no effect on the force maintenance in the PRM and that there is a significant rise of force after a quick release applied during the relaxation phase. ABBOTT and LOWY (1958) have reported that the disappearance of "active state" in the relaxation phase of a twitch is faster than the force decay, but these phenomena occur in a shorter time scale than catch by several orders.
In the present study, the maximal velocity of shortening (Vmax) and the rate of force redevelopment after a quick release were measured at various timings during a contraction-relaxation cycle. The results showed that the mechanism of force maintenance with a reduced crossbridge cycling rate also operates in the PRM, confirming the above suggestion that the mechanism is more widely distributed. A preliminary account of this work has appeared elsewhere (IwAMoTo et al., 1988) .
MATERIALS AND METHODS
Preparation. The specimens of Mytilus edulis were collected at the coast near Misaki Marine Biological Station. The proximal part of the PRM (about 10 mm) was dissected, and both ends were tied with threads. The muscle was kept in natural sea water until it was used for experiments. The muscle was transferred to the experimental chamber filled with artificial sea water (ASW), which had the following composition (mM): NaCI, 513; KCI, 10; CaC12, 10; Mg504, 50; Trismaleate, 10 (pH 8.0). The ends of the muscle were connected to the force transducer (Shinko, U-gauge, compliance 1, im/g) and the isotonic lever connected to a displacement transducer (Shinko, DM-40B). The muscle length was adjusted to the just taut length (L0), above which the muscle developed passive force. The muscle was stimulated by passing alternating electrical current (100 Hz) for 1 s through paired Pt plate electrodes placed along both sides of the muscle. The timings of stimulation and the initiation of releases were controlled by a stimulator (Nihon Kohden, SEN-7103). The outputs of the transducers were recorded on a thermalpen oscillograph (Graphtec, WR3101). The experiments were done at 10°C. Measurement of shortening velocity. The shortening velocity was measured by the isotonic-release method (JEWELL and WILKIE, 1958) . The isotonic lever was at first fixed by a latch so that the muscle was held isometric. At various timings during the course of contraction-relaxation cycle, the latch was removed by an electromagnetic puller and the muscle was allowed to shorten under a load predetermined by stretching the loading rubber string. The muscle shortened until the lever hit the stopper. The velocity of shortening under each load was measured at 160 ms after the release, to avoid the influence of an initial viscoelastic recoil. The velocity data were fitted to the hyperbola of HILL (1938) by least-squares regression and the Vmax was obtained by extrapolating the velocity to zero-load. Data were processed by a microcomputer (Fujitsu, .
Measurement of the rate of force redevelopment after a quick release. The same experimental setup was used for measuring the rate of force redevelopment after a quick release, except that the lever was pulled by the rubber string in the opposite direction so that the muscle length was reduced rapidly when the latch was removed. The amount of shortening was 0.8 mm or 7% Lo. The rate of force redevelopment was measured at 160 ms after the release, for the same reason as that stated above.
RESULTS

Isometric contraction
Although the PRM has been reported to show twitch-like contractions, a tetanic contraction could be elicited by 100 Hz alternating current stimulation for 1 s and was followed by a prolonged relaxation (Fig. 1) . We tested various simulation frequencies and found that 100 Hz was optimum (data not shown). The force continued to rise after cessation of stimulus and had a peak at around 2 s after the onset of stimulation. Stimulations longer than 1 s gave larger peak force but tended to reduce the force in successive contractions, therefore 1 s stimulation was used in the later experiments. The relaxation was almost exponential but sometimes a small shoulder, as shown in Fig. 1 , was observed. The time for 50% force decay was 8.3 + 3.5 s after the onset of stimulation (mean + S.D., n =16), and 70 ± 13% of peak force was retained at 6 s after the onset of stimulation (n = 7).
Maximal velocity of shortening
Isotonic releases were applied at the timings of 1, 2, and 6 s after the onset of Fig. 1 stimulation, and a force-velocity relation was determined for each timing. Figure 2 shows examples of the records of isotonic release at 1 (a), 2 (b), and 6 s (c). The traces show the shortening under the lightest load used in the experiment, and it is clear from the figure that the shortening velocity at 6 s is much smaller than that at 1 or 2 s. Moreover, the shortening at 6 s decelerated with time so that the lever never hit the stopper. Figure 3 shows a set of force-velocity curves obtained from a single preparation. The curve represents the fitted Hill hyperbola (HILL, 1938) in a normalized form 
where V is the velocity, P is the load, PO is the isometric force immediately before the release, and a and b are constants. The fitted velocity curves did not go through zero at P0, indicating that the force-velocity curve of the PRM is non-hyperbolic in high-load region, as reported for frog skeletal muscle fibers (EDMAN et al., 1976) . The Vmax, which is determined as b • P0/a, was the largest at 1 s after the onset of stimulation and became progressively smaller with time. This tendency was not parameter which determines the curvature of the hyperbola. Figure 3 shows that the curve at 1 s is straighter than those at 2 and 6s, suggesting that a/Po is initially large and declines thereafter. The values of the Vmax and a/Po are summarized in Fig. 4a and b, respectively. The value of Vmax is expressed relative to the value at 2s. Although the peak force was observed at around 2s, the Vmax had already reduced by about 30%, and the Vmax at 6 s was only 30% of the value at 1 s. The decrease in a/Po was steeper than that in Vmax. The a/Po value at 1 s is around 0.5, giving the curve a straight appearance, but it reduced to about 40% at 2 s and to about 20% at 6s.
Force redevelopment after a quick release
The ability of force redevelopment after a quick release has long been regarded as a measure of "active state" since RITCHIE (1954) developed the method. We also applied quick releases at various timings during the contraction-relaxation cycle. Examples of the records are shown in Fig. 5 . When the release was applied at 1 s after the onset of stimulation, a considerable amount of force redeveloped and its rate of rise was 1.6 times larger than that of initial rise by stimulation. When the release was applied at 6s, however, very little amount of force redeveloped and its rate of rise was much smaller than that at 1 s.
The time course of the decay of the rate of force redevelopment is shown in Fig.  6 . Curves from two muscles are superposed. The rate of rise at 2 s was already much smaller than that at 1 s, and those after 4 s were only one-tenth of the initial values.
DISCUSSION
The present results showed that both the Vmax and the rate of force redevelopment after a quick release decrease much faster than the isometric force. This means that, in the PRM, the isometric force can be maintained with a reduced rate of crossbridge cycling, or ATP splitting. This situation is in marked contrast to the commonly used frog skeletal muscle, in which the maximum velocity of shortening is relatively constant over the period of a single twitch (see Fig. 7 in HAUGEN ,1987) . In this respect, the PRM shows resemblance to the ABRM. However, the PRM differs from the ABRM in that no evidence has been reported that any transmitter changes the rate of relaxation, as postulated by ISHII and TAKAHASHI (1981) .
It is of interest to compare the parameters of the force-velocity relations in the present study with those in the earlier studies. From the data of ABBOTT and LowY (1958) , the Vmax is calculated to be 0.67Lo/s. This value is consistent with the present value of 0.48Lo/s because their experimental temperature was higher (14°C). The value of a/Po is 0.14 in their paper. This small value may be explained by the difference in the methods: they employed afterload technique. With this method, the data for smaller load are obtained in earlier phase of contraction in which the velocity is high, and the data for higher loads are obtained in later phase in which the velocity has already reduced. These would have an effect to increase the curvature of the force-velocity curve, resulting in smaller a/Po value. IsHII and TAKAHASHI (1981) have also reported the force-velocity relation with the Vmax of 0.42Lo/s and a/Po of 0.34. These values are comparable to ours, although the Vmax seems small when their experimental temperature (20°C) is taken into consideration. The temperature dependence of the a/Po is a subject for further studies. There are two possibilities to explain the mechanism by which the shortening velocity reduces. One is that the properties of the crossbridges are invariant and some parallel resistance against shortening is formed; the other is that the cycling rate of crossbridges itself reduces. If a kind of Newtonian-type viscosity would appear, its effect would be to increase the value of a/Po. This is opposite to what was observed in the PRM so that this possibility is unlikely. If elastic resistance would appear, it would not affect the initial velocity of shortening but its decelerating action would become progressively larger as the shortening proceeds. The deceleration of shortening was actually observed at the later stages of contraction (see Fig. 2c ), but it may be explained by the further reduction in the ability of generating force. When the muscle was left isotonic, the direction of length change was reversed and the muscle began to elongate, indicating that the isometric force level became lower than the constantly held load (data not shown). Therefore it is more likely that the reduction in shortening velocity is due to alteration of the properties of crossbridges themselves. If it is the case, the reduction in a/Po can be correlated to the efficiency of contractile performance; WoLEDGE (1968) has discussed that the increased efficiency is accompanied by decreased a/Po.
The physiological role of the economic force maintenance in the PRM is unclear. The primary role of the foot in Mytilus is to spin byssus to anchor the animal (TAMARIN and KELLER, 1972) . Then, the withdrawal of the foot would be necessitated only when the animal closes its shells and there would be no requirement for the prolonged maintenance of force . Considering that even in the ABRM the shortening velocity decreases during the period of prolonged stimulation (TAMEYASU and SUGI, 1976; TSUCHIYA and TAKEI, 1986) , this may mean that the mechanism of economic force maintenance is a common property of molluscan smooth muscles.
